Abstract--High-Mg chlorites from Vermont and Quebec and high-Fe chlorites from Michigan and New Mexico were equilibrated at room temperature in the near-neutral pH range. Gibbsite, kaolinite, and hematite of known stability were added to the samples to control unmeasurable variables at calculable levels. Equilibrium solution compositions were obtained from undersaturation and from supersaturation. Other indicators of equilibrium were good agreement between successive analyses over a long period of time, between duplicate samples, between independent systems, and between independent measures of equilibrium. All four chlorites were stable relative to brucite and, with a few exceptions, relative to talc under the conditions of study. When in equilibrium with gibbsite, the pH -89 2+ value of the chlorites ranged from 6.3 to 6.5, at a pH4SiO4 value of 4.0. These values are in good agreement with prior estimates of chlorite stability. The calculated standard free energy of formation of the chlorites is dependent upon solution Fe z+ calculated from the sample Eh and assumed equilibrium with hematite, with the assumption that the Fe a+-Fe z+ couple is at the same Eh as the sample.
INTRODUCTION AND EXPERIMENTAL DESIGN
No actual calorimetric or solubility determinations of the standard free energy of formation (AG~ of chlorite have been made, but several investigators have indirectly estimated AG~ of the magnesium end member (clinochlore), MgsAl2Si3010(OH)8, as shown in Table 1 . These AG~ values can be better understood in terms of solution compositions by considering the dissolution of clinochlore as follows (all equations herein involve crystalline mineral phases, aqueous ions, and liquid water):
MgsA12Si3010(OH)s + 16H § = 5Mg 2+ + 2A13+ + 3H4SIO4 + 6H20. (1) Defining K1 as the equilibrium constant for Eq. (1), assuming the activity of mineral phases and liquid water to be unity, and taking negative logarithms:
pK, = 5pMg 2+ + 2pAP + + 3pH4SiO4 -16pH. (2) Hence, if AP + and H4SiO4 are held constant, the stability of clinochlore can be expressed in terms of pMg 2+ and pH. If pH -89 + is controlled by gibbsite and pH4SiO4 is maintained at 4.0, for example, it can be seen from the last column in Table 1 that tion of appropriate salts, the anticipated equilibrium pH of the clinoclore-gibbsite system would range from 6.4 to 8.0. It seems likely that chlorite could reach stable equilibrium in this pH range, considering that Rich and Bonnet (1975) found a swelling chlorite that appeared to form in a soil whose pH ranged from 7.6 to 8.1.
An Al-containing mineral in the soil system must maintain AP + at the same low level as other minerals if it is to be stable (Kittrick, 1969) . It is instructive, therefore, to isolate the AP + variable in Eq. (2): pAP + = 8pH -5/2pMg2+ -3/2pH4SiO 4 A-pK1/2. (3) It is evident from Eq. (3) that for clinochlore to keep AP + low (high pAP+), the pH must be high and pMg 2+ and pH4SiO4 must be low. To determine pK, by solubility methods, all common ion activities must be known. Unfortunately, relatively high pH values (near neutrality) are likely to present analysis problems for A1 with regard to both the amount and the nature of ion species. To circumvent this problem, gibbsite of known stability (Kittrick, 1966a) can be added to the system to control pH -89 + at constant values. Thus, at equilibrium, pAP + can be calculated from the measured pH.
If kaolinite is also added to the system, gibbsite-kaolinite equilibria should control pH4SiO4 (Kittrick, 1967 ), Measurements of pH4SiO4 can then be compared with predicted equilibria to provide an independent indicator of equilibrium. For the clinochlore-gibbsite-kaolinite system: 2MgsA12Si30~o(OH)s + 2AI(OH) 3 + 2OH + = 3A12Si~Os(OH)4 + 10Mg 2+ + 15H20.
(4) pK 4 = 10pMg 2+ -20pH.
Thus, the system is defined by measurements of pMg z § and pH. The unfortunate reality of obtaining chlorite samples suitable in amount and purity for solubility studies is that none match the simple formula used for clinochlore. Chlorites contain both Fe 2+ and Fe 3 § which makes the situation much more complicated. Following the strategy of multiple equilibria introduced by the gibbsite-kaolinite additions described above, one can add hematite to control Fe 3+ at calculable levels. For hematite (Kittrick, 1971) :
From Garrels and Christ (1965, p. 196) , pFe z § can be calculated from pFe 3+ and a measurement of Eh as follows:
pFe 2+ = (EhFe2+Ve 3+ -0.771)/0.0592 + pFe 3+. (7) At the extremely low levels of Fe z+ and Fe 2+ anticipated in these experiments, the Fe3+-Fe 2+ couple will not control sample Eh. Unfortunately, the sample and the Fe3+-Fe 2+ couple may not even be at the same Eh (Bohn, 1968) . To avoid this possibility, it was anticipated that quinhydrone could be added to the samples as an Eh buffer, to bring all portions of the sample system to the same Eh.
MATERIALS AND METHODS

Materials
Gibbsite. Commercial Alcoa hydrated alumina C-730 was obtained from the Aluminum Company of America. X-ray powder diffraction (XRD), differential thermal (DTA), and other characteristics of this material, including solubility measurements, were described by Kittrick (1966a) .
Hematite. Mapico 347 was obtained from Columbia Carbon Co. The particle size range is given as 0.06 to 0.8/xm. Chemical, DTA, and XRD analyses (not reported) show this material to be very pure hematite.
Kaolinite. The English kaolinite was obtained from Hammill and Gillespie, Inc. and the "Georgia 2" kaolinite was obtained from Southern Clays, Inc. XRD and other characteristics of these kaolinites, including solubility measurements, were described by Kittrick (1966b) .
Chlorite. Massive chlorites from Ward's Natural Science Establishment, Rochester, New York, were ground with an impact grinder to pass a 150 mesh sieve (< 104/xm). XRD analyses of oriented samples, including various combinations of Mg and K saturation, heating, and glycerol solvation, detected no phases other than chlorite. XRD patterns before and after solution equilibria were indistinguishable. Portions of the oriented patterns are shown in Figure 1 and illustrate the characteristic relative peak intensities of high-Mg chlorites (Vermont and Quebec) and high-Fe chlorites (Michigan and New Mexico), their good crystallinity, and the lack of impurities. Random powder XRD peaks necessary for polytype identification were relatively weak, but appeared to be adequate for the task of polytype identification when compared with the data of Bailey (1975, p. 242 
Methods
Total chemical analysis of chlorites. Analyses for Si, A1, Ti, Fe, Mn, Ca, Mg, K, Na, and P were made by X-ray spectroscopy. Fe 2+ and Fe 3+ were independently determined with orthophenanthroline after HF decomposition (Roth et al., 1968) . Cation-exchange capacities were negligible. The unit-cell formulae were calculated according to an 18 oxygen unit cell (Jackson, 1969) .
Sample preparation and equilibration. To 10.0 g of chlorite was added 10.0 g of hematite, plus 10.0 g of kaolinite or 40.0 g of gibbsite, or both. Following treatment with hot 0.50 M NaOH to remove soluble substances (after Foster, 1953) , each sample was washed on a Buchner funnel with 1% NaOH, then with pH 5.0 NaOAc, and then with 0.010 M MgC12. The sample was then placed in a 250-ml polycarbonate centrifuge bottle, given several centrifuge washes, and equilibrated with 50 ml of 0.0080 M to 0.0100 M MgC12 solution. In some samples the initial pH and H4SiO4 levels were adjusted with NaOH and Na2SiO3' 9H20 so as to permit equilibration of the sample from both undersaturation and supersaturation with respect to variables of interest. After equilibration, the pH4SiO4 ranged from 3.66 to 4.40, pMg 2+ ranged from 2.02 to 2.39, and pH ranged from 7.04 to 7.89. For some samples, a portion of the solution was removed by centrifuging for analysis after a close approach to equilibrium was indicated by successive pH measurements (a few days to a few months). For other samples, portions of the solution were removed for analysis until successive analysis indicated a close approach to equilibrium (a year or two). Equilibrated samples were sometimes centrifuge washed and equilibrated with another solution whose composition permitted a different approach to equilibrium. Quinhydrone at a concentration of 0.10 g/liter was added to some samples. Samples were agitated almost continuously in a constant temperature room at 25~ and were centrifuged in a temperature-controlled centrifuge. Room temperature during analysis was 23-25~ If gibbsite is in equilibrium with the chlorite, pH -89 3+ should be constant (Kittrick, 1980) as follows:
A13+ + 3H20 = 3H + + AI(OH)3 (11) 89 = pH -89 + = 2.68 -+ 0.07. (12) If gibbsite and the English kaolinite are in equilibrium with the chlorite, the pH4SiO4 should be constant (Kittrick, 1980) as follows:
According to Eq. (6), pH -89 3+ is a constant if the chlorite is in equilibrium with hematite, and pH -pFe 2+ can then be calculated from the Eh and Eq. (7). Initial experiments involved attempts to obtain pK8 by measuring pH4SiO4, pMg z+, and pH, controlling Eh with quinhydrone and calculating pFe 2+ from Eqs. (6) and (7). For eight identical samples that had been equilibrated over a period of 479 days, however, pK values varied by 5 units or more. Furthermore, this amount of variation did not significantly diminish over time, as indicated by analyses at ten intervals during the equilibration period. The results could not be explained by analytical errors, which at most would contribute approximately _+0.5 units of variation. After much experimentation, it was discovered that the variation in pK was due to the presence of quinhydrone. Changes in pH, probably resulting from quinhydrone breakdown, prevented attainment of equilibrium. Quinhydrone was thereafter omitted from the experiments.
To determine sample equilibrium in this investigation, the three measured variables from Table 2 (PH4SiO4, pMg 2+, pH) were combined into two parameters (pH4SiO4 and pH -89 z+) so that sample equilibrium could be approached from supersaturation and undersaturation with respect to each. This permits equilibrium to be approached from four different directions on a plot of pH4SiO4 vs. pH -l/2pMg2+ ( Figure  2 ). The convergence of the data for chlorite-gibbsitekaolinite-hematite samples equilibrated for 7 to 30 days ( Figure 2 , triangles) indicates that a real equilibrium point was being approached, as opposed to fortuitous agreement between samples of similar composition subjected to processes having similar kinetics.
Chlorite-gibbsite-hematite system. Decreasing the number of phases by one increases the degrees of freedom of the system by one. Specifically, when this sys-
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Figure 2. Solution compositions of several systems containing Vermont chlorite. Chlorite-gibbsite-kaolinite-hematite samples (z5) were equilibrated for 7 to 30 days from four different directions of supersaturation and undersaturation as indicated by the arrows. Duplicates of the chlorite-gibbsite-hematite system (D) were sampled repeatedly from 98 to 534 days, with one solution obtained by immiscible displacement (11). Duplicates of the chlorite-kaolinite-hematite system ( 9 were sampled repeatedly from 37 to 793 days. Symbol size represents the deviations in pH -89 2+ that could be engendered by the known variation in the gibbsite stability determination.
tem is in equilibrium, pH4SiO4 should not be controlled at the fixed value of Eq. (14), as when kaolinite is also present. However, the pH -1/3pAP+ should still be controlled by gibbsite. In Figure 2 , analyses from Table  2 for duplicate samples are plotted (as squares) after equilibrating from 90 to 543 days, where there were no apparent differences due to equilibration time. Earlier analyses were undersaturated with respect to those shown. After 543 days of equilibration, the Eh of the two samples was 0.347 V and 0.355 V, respectively. Insufficient liquid remained for further analyses after regular centrifugation, so an additional set of analyses on one sample was made after immiscible displacement (Kittrick, 1980) . All analyses plotted appear to be in reasonably good agreement.
Chlorite-kaolinite-hematite system. When this system is in equilibrium, the pH -89 value should be controlled by kaolinite (Georgia 2 in this case) and should depend upon pH4SiO4 (Kittrick, 1980) . As can be seen in Figure 2 (circles), analyses from Table 2 at 37 to 793 days for duplicate samples were all in reasonably good agreement. Earlier analyses were undersaturated with respect to those shown. After 793 days, the Eh of the two samples was 0.368 V and 0.377 V, respectively. + should be constant at 2.68 (Kittrick, 1980) . Where no gibbsite is present, the values of pH -89 + can be obtained from the pH4SiO4 of the samples and the known stability of Georgia 2 kaolinite (Kittrick, 1980) . From these values of pH -89 +, the experimental values of pH -89 2 § can be converted to calculated values of pH -89 2+ appropriate to a pH -89 + value of 2.68 (Eq. 27, Appendix).
The calculated pH -89 '2 § of each sample varies with the pH and Eh of the sample (Eq. 6 and 7). The measured Eh was used in this calculation for all systems except for the chlorite-gibbsite-kaolinite-hematite sys-
Clays and Clay Minerals
tem where no Eh measurements were made. The Eh of this system was assumed to be the same as that of the chlorite-gibbsite-hematite system. Values of pH -89 2+ appropriate to a constant pH -89 2+ of -1.0 could then be calculated from Eq. (27) in the Appendix.
Because the Fe content of the Vermont chlorite is small, the coefficient of the pH -1/2pFe2+ term in Eq. (16) 
Chlorite from Quebec
Chlorite-gibbsite-kaolinite-hematite system. The equilibrium of the chlorite from Quebec with its constituent ions can be given as follows: (Si2.99A11.01)(All.39Fea+0.21FeZ+0.57Mga.52)O10(OH)8 + 16.01H § = 2.99H4SIO4 + 2.40A13+ + 3.52Mg 2+ + 0.21Fe 3+ + 0.57Fe 2+ + 6.03H20 (17) 
As indicated previously for this system, both pH -89 + and pH -89 3+ should be constant, controlled by gibbsite and hematite, respectively. The pH -89 2+ will not necessarily be constant, but will depend upon the pH and Eh.
As for the chlorite from Vermont, the chlorite (Quebec) gibbsite-kaolinite-hematite system (Table 2) was equilibrated with solutions whose initial composition was such that the equilibrium was approached from four different directions on a plot of pH4SiO4 vs. pH -89 2+ (Figure 4 ). The convergence of the samples about a line of slope 0.42 again indicates that a real equilibrium was being approached.
Chlorite-gibbsite-hematite system. Plotted in Figure 4 are analyses from Table 2 for duplicate samples equilibrated for 28 to 544 days. Earlier analyses were undersaturated with respect to those shown. After 544 days of equilibration, the Eh of the two samples was 0.388 V and 0.378 V, respectively. Insufficient liquid Vol. 30, No. 3, 1982 Chlorite solubility using multiple equilibria 173
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Solution compositions of several systems contain- Figure 4 . ing Quebec chlorite. The chlorite-gibbsite-kaolinite-hematite samples (A) were equilibrated for 1 to 9 days from four different types of supersaturation and undersaturation as indicated by the arrows. Samples of the chlorite-gibbsite-hematite system ([2) were equilibrated for 28 to 544 days, with one solution obtained by immiscible displacement (11). The shaded line has a slope of 0.42. Line width and symbol size represent the deviations in pH -V2pMg 2+ that could be engendered by the known variation in the gibbsite stability determination. Figure 4 , they may be directly compared. As can be seen in Figure 4 , the two independent systems agree well with each other and with a line of slope 0.42 as predicted in Eq. (19).
Calculated AG~ value. In Figure 4 , the Quebec chlorite has a pH -89 + of 2.7, a pH -89 3+ value of -0. 
It can be seen from Eq. (19) that, if pH -89 2+ is plotted against pH4SiO4 (as in Figure 4 ), equilibrium solution analyses for Quebec chlorite should lie along a line of slope 0.42/fpH -89 +, pH -89 2+ and pH -89 3+ are held constant. All samples contained both gibbsite and hematite, so pH -89 + and pH -89 3+ should have remained constant. Eh was measured only for the chlorite-gibbsite-hematite system, however, so one cannot be sure that both systems had the same pH -89 2+ values. The most reasonable assumption concerning the Eh of the samples in Figure 4 is probably that all samples had an Eh of about 0.380 V (see preceding section). This would mean that all samples had essentially the same pH -89 2+ value of -1.0, and no adjustment of data points would be necessary for direct comparisons. where the error estimate is the minimum due to analytical error.
Chlorite from Ishpeming, Michigan
Chlorite-gibbsite-hematite system. 
In Figure 5 , analyses for duplicate samples (Table 2) are plotted after equilibrating from 6 to 545 days. Earlier analyses were undersaturated with respect to those shown. After 545 days of equilibration, the Eh of the two samples was 0.384 V and 0.387 V, respectively.
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Insufficient liquid remained for further analyses after regular centrifugation, so an additional set of analyses on one sample was made using an immiscible displacement technique (Kittrick, 1980) . Figure 5 represent equilibrium, then pH -V3pAP + is 2.7 and pH -89 3+ is -0.3. From pH and Eh measurements on the 544 and 545 day samples and Eqs. (6) and (7), pH -89 2+ is calculated to be -0.9. From Eq. (22) where the error estimate is the minimum due to analytical error.
Calculated AG. If the analyses of
Chlorite from New Mexico
Chlorite-gibbsite-hematite system. Equilibrium of the chlorite from New Mexico with its constituent ions can be depicted as follows:
(Si2.s4AIH6)(Ala.75Fe2+2.61Mgln6Fe3+on2)Ozo(OH) s +16.63H + = 2.84H4SIO4 + 2.91AP + + 2.61Fe 2+ + 1.16Mg 2+ + 0.12Fe 3+ + 6.64H20 (23) pK23 = 2.84pH4SiO4 + 2.91pAP + + 2.61pFe 2 + 1.16pMg 2+ + 0.12pFe 3+ -16.63pH (24) pK2a = 2.84pH4SiO4 -8.73(pH -89 +) -5.22(pH -89 2+) -2.32(pH -89 2+) -0.36(pH -V3pFe3+).
As before, with pH -89 + held constant according to Eq. (12), pH -89 3+ held constant according to Eq. (6), and pFe z+ calculated from Eq. (7), pKz3 is defined by measurements of equilibrium pH4SiO4, pMg 2+, pH, and Eh (Table 2 ). In Figure 6 , three of these variables are plotted for duplicate samples after equilibrating for 6 to 545 days. Earlier analyses were undersaturated with respect to those shown. After 545 days of equilibration, the Eh of the two samples was 0.382 V and 0.384 V, respectively. Insufficient liquid remained for further analysis after regular centrifugation, so an additional set of analyses was made on one sample using an immiscible displacement technique. Figure 6 represent equilibrium, then pH -89 § is 2.7 and pH -89 ~+ is -0.3. From pH and Eh measurements on the 545 day samples and Eqs. (6) and (7), pH -89 2+ is calculated to be -0.9. From Eq. (25), if pH -89 +, pH -1/3pFe3+, and pH -89 2+ are constant, 2.32(pH 89 z+) = 2.84pH4SiO4 + K, and pH -89 2+ = 1.22pH4SiO 4 + K 1.
Calculated AG value. If the analyses of
Thus the slope of the line in Figure 6 is 1.22. All analyses plotted in Figure 6 are in good agreement with this Vol. 30, No. 3, 1982 Chlorite solubility using multiple equilibria 175
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DISCUSSION AND CONCLUSIONS
Sample equilibrium
The most common flaw in mineral stability determinations by the solubility method is the lack of demonstrated sample equilibrium. In the present experiments there were five indicators of sample equilibrium for the high-Mg chlorites (Vermont and Quebec). First, good agreement was achieved between successive analyses of single samples over a long period of time. Second, there was good agreement between duplicate samples. Third, the same values were obtained for samples equilibrated from both undersaturation and supersaturation. Fourth, an independent measure of equilibrium was made involving the measured pH4SiO4 levels of samples containing both gibbsite and kaolinite. The pH4SiO4 of such samples in Figures 2 and 4 ranges from 4.3 to 4.5. These values are in good agreement with Eq. (14) and with the stability of glbbsite and kaolinite as determined by long-term solubility methods and by immiscible displacement of solutions following short-term equilibration (Kittrick, 1980) . A fifth check on sample equilibrium involved a comparison of three independent systems containing chlorite, i.e., chlorite-gibbsitekaolinite-hematite, chlorite-gibbsite-hematite, and chlorite-kaolinite-hematite. Agreement between these systems with regard to directly measured variables was good, and could be made essentially perfect, depending upon assumptions relative to sample Eh values.
The same five indicators of sample equilibrium were also applied to the high-Fe chlorites (Michigan and New Mexico), but data supporting equilibrium checks three and five are not shown. A lack of Eh measurements on the chlorite-gibbsite-kaolinite-hematite system made these data marginally useful for equilibrium constant calculations where high-Fe chlorites are involved, so they were omitted. The three equilibrium indicators shown are sufficient to indicate that the likelihood of sample equilibrium is good.
Interstratification and solid solution
A gradation exists in the brucitic layers of natural chlorites with regard to both layer completeness and the binding of adjacent smectitic units. It is, therefore, uncertain as to whether the brucitic and smectitic layers should be considered units within a single-phase mineral, or independent, regularly interstratified components. Separate brucite and talc components, for example, controlling their individual solubilities should generate solution analyses that cluster at the intersection of the brucite and talc stability lines. The pH -89 2+ supported by brucite can be determined as follows: al., 1971) for the AG~ of brucite. The value given by Robie et al. (1978) for brucite is used above, where the error in the AG~ of brucite is assigned to the error in AGr. The AG~ selected is from Sadiq and Lindsay (1979) , with the error in the AGta~c assigned to the error in AGr. Then, from Eq. The intersection of the brucite and talc lines is shown in Figures 7 and 8 , where it can be seen that the solution analyses are not clustered about the intersection, but rather, occur over a range in pH -V2pMg 2+ and pH4SiO4 values. In particular, none lie close to the intersection ofbrucite and talc lines. None of the solution analyses parallel or lie close to the brucite line although some coincide with the talc stability line. It therefore appears that neither brucite individually, nor brucite and talc collectively, control solution equilibria as solid solution components. Control of solution equilibria by a talc component appears doubtful, but perhaps cannot be entirely eliminated.
When conducting mineral solubility determinations, it is always necessary to consider the possible precipitation of other mineral phases which may then control solution ion levels. Magnesite can be readily precipitated in room temperature solutions in contact with the CO2 of the atmosphere. The shaded line in Figures 7 and 8 (Kittrick, 1973 ) is based upon the aG~ magnesite selected from Robie et al. (1978) . Because all solution analyses are undersaturated with respect to magnesite, magnesite does not appear to be controlling samples in Figures 7 and 8 . Chrysotile does not ordinarily precipitate in solutions at room temperature, but again using AG~ values from Robie et al. (1978) , it can be calculated that ch:'vsotile supports a pH -89 z+ value of 6.7 _+ 0.1 at a pH4SiO4 of 4.0. This is somewhat more Vol. 30, No. 3, 1982 Chlorite solubility using multiple equilibria 177 soluble than the four chlorites which range from pH -89 2+ values 6.3 to 6.5 under those conditions (Table 1) , thus chrysotile does not appear to be controlling sample solubilities either.
There seems little doubt that chlorite, with its wide and essentially continuous variation in chemical composition, is a solid solution. However, distribution of the solution analyses along lines of theoretical slope (Figures 3-6 ) indicate control by a single phase of bulk chlorite composition rather than control by solid solution components. The solid solution components appear to be "frozen in." The fact that the slope of solubility lines are compatible with the bulk chemical composition of the chlorites indicates that the proportion of their solid solution components does not change appreciably during the course of the equilibration, ff these chlorites formed under equilibrium conditions of low temperature metamorphism, their proportion of various solid solution components would be expected to be that which is most stable for those particular conditions. That is not likely to be the same proportion of components that is most stable during room temperature solubility experiments. Because the chlorite composition showed no appreciable change during the course of those experiments, the system should be considered to be at a metastable equlibrium.
Chlorite stabilities compared
Because AG~ is an extensive variable, AG~ values of minerals of variable composition are strongly dependent upon the exact chemical composition of the individual minerals. Thus, a comparison of stabilities of minerals of variable composition cannot be obtained by comparing AG~ values (Table 1) . However, their stabilities can be compared by considering their level of control of some constituent at fixed levels of other constituents. For example, at a pH4SiO4 of 4.0 under identical conditions of pH -89 3+, pH -89 3+, and pH -89 e+, the chlorite from Michigan supports a pH -89 2+ of 6.3 compared to 6.4 for the chlorite from Quebec and 6.5 for the chlorites from Vermont and New Mexico. This can be directly compared with the estimates for clinochlore stability in Table 1 , which range from 5.4 to 7.0. The estimate of 6.8 for pH -89 2+, as calculated from Helgeson (1969) and Nriagu (1975) , is particularly close to the experimental values.
The chlorite from Michigan is the more stable (least soluble) of the four under the conditions of comparison, but one must note that the difference between the four in terms of pH -89
2+ is approximately the width of the estimated error band for the talc stability line in Figures 7 and 8 . Thus, in terms of the uncertainties involved in determining mineral stabilities, the stabilities of the Vermont, Quebec, Michigan, and New Mexico chlorites must be considered to be quite similar. They probably serve as a useable estimate of the high pHhigh Mg limit in the A1203-SiOz-MgO-H20-H + system and of the general stability of chlorites formed under low-temperature metamorphism. As a first approximation, apH -89 2+ 0f6.4 at apH4SiO4 of 4.0 may be used to represent a wide range of chlorites formed under low-temperature metamorphism if A1 control is close to that of gibbsite. Chlorites that are formed at room temperature are presumably more stable at room temperature than those investigated here. Whether this is reflected in a measurable difference in equilibrium levels of constituents remains to be determined.
The values of pH -~/2pMg 2+ and pH4SiO4 in equilibrium with the four chlorites are directly determined with good accuracy and dependable precision. The values of pH -89 § and pH -89 3+ depend upon equilibrium with gibbsite and hematite respectively, which appear to be good assumptions. The values of pKs, pK17, pK20, and pK23 and their corresponding AG~ ch~or~te are less certain because in addition to the aforementioned parameters, they also depend upon the assumption that the measured Eh of the samples is the same as that of the Fe2+-Fe 3+ couple in the samples. This assumption is important for the high-Fe chlorites. For example, for every 10 mV change in Eh, the AG~ of the Michigan chlorite changes 3.2 kJ (0.76 kcal) and the AG~ of the New Mexico chlorite changes 2.5 kJ (0.60 kcal).
The Eh of the chlorite samples is not controlled by the chlorite-hematite pair, because they support such low levels of Fe z+ and Fe 3+ in solution. Quinhydrone additions controlled the Eh and probably would have ensured that the Fe2+-Fe 3+ couple was at the measured Eh. When quinhydrone was eliminated for other reasons, the Eh of the chlorite systems was left to be controlled by dissolved oxygen. This Eh was measured, but one cannot be sure that the Fe2+-Fe 3+ couple is at that Eh (Bohn, 1968) . Thus, the determination of highFe chlorite stabilities by solubility methods can be accomplished only within the constraints of whatever uncertainty exists as to the actual Eh of the Fe3+-Fe 2+ couple.
